Giardia lamblia (syn. Giardia intestinalis, Giardia duodenalis) is an enteric protozoan parasite with two nuclei, and it might be one of the earliest branching eukaryotes [1] . However, the discovery of at least rudimentary forms of certain features, such as Golgi and mitochondria, has refuted the proposal that its emergence from the eukaryotic lineage predated the development of certain eukaryotic features. The recent recognition of many of the genes known to be required for meiosis in the genome has also cast doubt on the idea that Giardia is primitively asexual, but so far there has been no direct evidence of sexual reproduction in Giardia, and population data have suggested clonal reproduction. We did a multilocus sequence evaluation of the genotype A2 reference strain, JH, and five genotype A2 isolates from a highly endemic area in Peru. Loci from different chromosomes yielded significantly different phylogenetic trees, indicating that they do not share the same evolutionary history; within individual loci, tests for recombination yielded significant statistical support for meiotic recombination. These observations provide genetic data supportive of sexual reproduction in Giardia.
Results and Discussion
Giardia lamblia (syn G. intestinalis, G. duodenalis) is specific to mammalian hosts and has been divided into a number of genotypes or assemblages (A to G), which have some degree of host specificity [2] . These genotypes might represent different species, but the recognition of new species within G. lamblia has remained controversial. All human infections are caused by genotypes A and B. Genotype A1 consists of a very homogeneous group of organisms and includes the genome isolate WB, which has been sequenced to 103 coverage [1] (www.mbl.edu/Giardia). The relatively few A2 nucleotide sequences have been about 98-99% identical to WB.
Comparison of JH and Five Giardia Field Isolates
As part of an investigation of the epidemiology of Giardia infections, we obtained Giardia human fecal isolates from a population in a region of Lima that is highly endemic for human giardiasis [3] . All isolates belonged to genotypes A2 or B. We chose five A2 isolates from four households and used PCR primers based on the WB sequence to compare these isolates to the reference isolate, JH. For the 6.0 kb chromosome 3 region there were 45 single-nucleotide polymorphisms (SNPs), representing a 0.8% SNP density (Figure 1 ). The 9.5 kb chromosome 5 locus had a total of 82 single nucleotide polymorphisms (SNPs) for a 0.9% SNP density (Figure 2 ). The chromosome 4 gdh coding region had no SNPs for any of the samples, but the chromosome 4 b-giardin region had a total of 14 SNPs for a 1% SNP density. The majority of the SNPs were synonymous (Table S1 in the Supplemental Data available online).
Evidence for Chromosome Reassortment
Phylogenetic alignments of the three loci with SNPs demonstrated distinctly different histories for each loci ( Figure 3 ). For example, JH, 55, and 335 were nearly identical at the chromosome 5 locus, but all three were substantially different at the chromosome 3 locus. However, at the chromosome 4 locus, 55 and 335 were identical to each other but substantially different from JH. The apparently different inheritance pattern for loci on different chromosomes suggests the possibility of sexual or other recombination because clonal propagation should result in identical inheritance for loci on different chromosomes.
Evidence for Recombination within Individual Chromosomes Among eukaryotes, recombination most often occurs by meiotic pairing of chromosomes during sexual reproduction. Our analysis has allowed us to test the prediction that population genetics would provide evidence of meiotic recombination whenever meiotic genes were present. A visual inspection of the SNP alignments (Figures 1 and 2 ) suggests the possibility of sites for meiotic crossing over, even within individual loci. We designed new sets of primers to sequence across these breakpoints in order to rule out the possibility that these apparent crossing-over sites represented amplification from mixed infections. In each case, the accuracy of the original sequence was confirmed. The genes amplified were single-copy genes, and there were no examples of allelic sequence heterozygosity.
In order to supplement the qualitative evidence for recombination, we used GENECONV to perform a quantitative test to determine whether the within-chromosome regions showed evidence of recombination [4] . GENECONV tests whether certain sequences contain regions that are so similar to the homologous region of other sequences that a history of recombination is implied. For example, if there is a stretch of 2 kb where two sequences are identical despite being highly divergent in the flanking regions, the 2 kb fragment might be detected by GENECONV as a putative mosaic region. A simple follow-up analysis with phylogenetic trees inferred from the different regions detected by GENECONV *Correspondence: csterlin@u.arizona.edu can then confirm whether these sequences contain regions with significantly conflicting evolutionary histories indicative of recombination. For each chromosomal region there was significant evidence of non-clonal evolution (Table S2 and Figures S1 and S2) .
Sexual reproduction is widespread in eukaryotes and is generally considered the norm. However, for many of the protists, documentation of sexual reproduction has been difficult to achieve, and these organisms have been assumed to be asexual. For Giardia, the identification of many of the genes required for meiosis in the Giardia genome cast doubt on this assumption [5] . However, the complete significance of this observation was not clear because some of the meiosis-specific genes could potentially have other functions, such as other aspects of DNA repair. Even if sexual reproduction occurred, it remained possible that it was rare enough that it would have been difficult to identify.
There are at least three potential reasons why the current work provides evidence favoring sexual reproduction when prior studies did not do so. First, the studies that led to the proposal of clonal reproduction utilized enzyme electrophoresis, which depends on size-or charge-related changes in amino acid sequences [6] [7] [8] . The use of nucleotide sequence data in the current study made it possible to identify silent substitutions (which constituted the majority of SNPs), rather than only mutations that change amino acid charge in the relatively conserved metabolic enzymes. Second, we also limited our analysis to members of a single genotype (A2) in order to maximize the possibility of identifying recombination that is limited to closely related organisms. It appears that the A2 genotype is much more heterogeneous than the widespread A1 genotype to which WB belongs, making it easier to identify SNPs. Third, with the exception of the reference isolate, the isolates used in the current work were obtained from a highly endemic host population in which infection with multiple Giardia isolates at the same time is common. Perhaps recombination is more frequent in this region of high endemicity because higher endemicity increases the odds of dual infection of a single mammalian host and allows for recombination within the host. For example, some data suggest that the recombination rates for the malaria parasite, Plasmodium falciparum, are much higher in regions of high transmission, where there are numerous opportunities for dual infection [9] . However, even in areas of high transmission, the genetic structure of the population of P. falciparum can be partially clonal [10] . For Giardia, the degree of clonality versus panmixis in different settings remains to be determined. Whether dual infection is necessary and/or sufficient for recombination of Giardia is unknown because the life-cycle stage and the location of nuclear fusion in the host is not known. The identification of potential meiotic recombination in Giardia also helps to address another dilemma, that of the low level of allelic heterozygosity. When asexual organisms have a ploidy of greater than one their chromosome homologs diverge, as has happened with bdelloid rotifers that have reproduced asexually for more than 40 million years [11, 12] . In addition, Giardia has the requirement for homogenizing its two nuclei. Trophozoites have a ploidy of approximately four; two sets of five chromosomes [13] are divided approximately equally between the nuclei [14, 15] . Replication is equational rather than reductional [15] [16] [17] , which means that nuclear asymmetry is maintained throughout the replication cycle. Therefore, if the nuclei were asexual then they would be expected to diverge from one another. However, the observed allelic sequence heterozygosity (ASH) is less than 0.002% in the genome isolate WB [18] . This low ASH means that alleles within nuclei as well as those from opposite nuclei are nearly identical. The existence of meiotic recombination could provide an explanation for this level of homogeneity if it provides for reassortment and recombination within and between nuclei.
Although evidence from genomic and population genetics suggests that meiosis occurs in Giardia, sexual reproduction has never been directly observed. Sex in Giardia could be infrequent, furtive, or cryptic [19] , and it could occur during trophozoite replication or during encystation or excystation. The answers to these questions will probably require experimental protocols with mixed infections or with selectable drug markers. It will also be important to determine whether recombination occurs only within certain genotypes. Genotype B is markedly different from genotypes A1 and A2 and has already been proposed as a separate species [20, 21] . If it is found that recombination occurs only within genotype A2 isolates, and not between A and B, this would be strong evidence that A and B are separate species. A manuscript published while this work was under review sequenced 20 clones at each of ten loci from three axenic cultures of A1, three of A2, and three of B isolates [22] . At several loci, there were rare genotype B haplotypes that grouped with A1, which raised the possibility of past recombination between A1 and B. Interestingly, the A2 isolates formed a single clade with no evidence of recombination between the other genotypes. Further investigation will be required to determine the precise species structure of these G. lamblia lineages. Because analysis of the Giardia genome supports that organism's role as one of the earliest diverging eukaryotes [1] , the evidence for sexual reproduction in Giardia would seem to support the proposals that sexual reproduction is a fundamental eukaryotic property [5, 23] and that eukaryotes without sexual reproduction have reached that state by secondary loss. Therefore, it is possible that Giardia will provide important clues to the origin of meiosis and sexual reproduction. 
Experimental Procedures
Acquisition of G. lamblia Samples Fecal samples with Giardia were obtained from an epidemiological study in Las Pampas de San Juan de Miraflores, a desert shantytown 25 km to the south of Lima, Peru. More details about the demographics and environment of this shantytown have been described [24] [25] [26] . The Institutional Review Board of PRISMA, the non-government organization in Peru, and the Human Subjects Approval Committee at the University of Arizona approved the protocol used for the study.
Five isolates were randomly chosen from four households (the two samples from the same household were from siblings). Fecal samples were purified by sedimentation via methods already described [27] , with the exception that purified double distilled water was used in lieu of formalin. Fecal concentrate was purified via the QIAmp DNA Stool Kit (QIAgen, Valencia, CA). The reference isolate, JH, has been previously described as a group 2 (genotype A2) isolate [20, 21, 28] .
Sequencing Strategy
The sequences adjacent to the triose phosphate isomerase (tpi) gene on chromosome 5 (GenBank #L02120, GiardiaDB ORF: 93938), g-giardin gene (GenBank #X55287; GiardiaDB ORF: 17230) from chromosome 3, and the glutamate dehydrogenase (gdh) (GenBank #M84604; GiardiaDB ORF: 21942) and b-giardin (GenBank #X85958; GiardiaDB ORF: 4812) sequences from chromosome 4 (the Giardia lamblia genome, http://www.mbl.edu/Giardia) were used for designing PCR primers that would amplify 500 bp regions of genomic DNA with at least 50 bp of overlapping DNA so that any SNPs located within the chosen primer sequences could be identified. Non-acetylated bovine serum albumin (BSA; 0.5%) and dimethyl sulfoxide (DMSO; 10%) were included in the reactions. PCR products were purified with the microcentrifuge-based Gel Extraction protocol of the QIAquick PCR purification kit (QIAgen, Valencia, CA). Nested amplification primers and DMSO were used for sequencing purified PCR products. Sequenced products were deposited into the GenBank database under accession numbers EU188624-EU188641.
Phylogenetic and Recombination Breakpoint Analyses
Exploratory tree analysis was used for determining whether there was evidence of conflicting phylogenetic signal [29] . Neighbor-joining trees were reconstructed on 600 nucleotide (nt) windows of the original alignment shifted in 300 nt increments, as well as for the full-length data set, with distances estimated with the HKY85 [30] model of DNA substitution. Conflicting phylogenetic signal contained within the sequences of putative signals was confirmed by bootstrap phylogenetic trees. To complement the phylogenetic approach, Sawyer's [4] runs test, in the package GENECONV (S. Sawyer, Department of Mathematics, Washington University, St. Louis, MO), was performed. This test searches for unusually long fragments within an alignment over which a pair of sequences are identical or nearly identical, then assesses the significance of the hypothesis that the similar fragments arose by recombination by using randomly permuted data sets derived from the real alignment. 
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